ABSTRACT: Effect of ractopamine hydrochloride (RH) and zilpaterol hydrochloride (ZH) on LM shear force and sensory attributes was determined using pens (n = 40) British × Continental crossbred steers randomly allocated to one of the following treatments: control; RH fed at 200 (RH 200) or 300 mg • steer -1 • d -1 (RH 300), or 400 mg • steer -1 • d -1 (RH 400) topdressed for the final 30 d of feeding; or ZH fed at 7.5 mg/kg, beginning 23 d before slaughter with a 3-d withdrawal. Two replicates (pens) per treatment were represented in four blocks. Eighteen carcasses per pen were randomly selected and one 5-cm LM sample was removed from both carcass sides to be used for shear force and sensory evaluation. Samples were aged for 14 d, frozen at -28.8°C, and cut into 2.5-cm steaks. All steaks were cooked to an internal temperature of 71.1°C before being evaluated for Warner-Bratzler shear force (WBSF), slice shear force (SSF), or being fed to trained sensory panelists. Increasing dose and potency of β-agonist increased WBSF by 4 to 17% and SSF by 5 to 24% (P < 0.05). Steaks from steers fed ZH had higher WBSF and SSF values compared with all other treatments (P < 0.05), whereas steaks from controls and steers fed RH 200 were not different (P > 0.05). Probability of steaks failing to meet shear force standards to be certified tender (WBSF <4.4 kg, SSF < 20 kg) was increased from an initial probability of <0.06 in steaks from steers in the control treatment to 0.10 to 0.20 in steers fed RH 400 or ZH (P < 0.05). No difference was detected in panel ratings for overall tenderness of steaks from steers fed RH 200 compared with controls (P > 0.05). Steaks from steers fed RH 300 and RH 400 were comparable for all sensory attributes; however, both RH 300 and RH 400 were rated lower for overall tenderness than controls (P < 0.05). Panelists failed to detect differences in overall tenderness of steaks from steers fed RH 400 and ZH (P < 0.05). Panelists detected no difference in flavor profile or juiciness among treatments (P > 0.05). Results from this study indicated β-agonists negatively affected beef tenderness and these effects may be more noticeable in steers supplemented with ZH and higher doses of RH.
INTRODUCTION
Growth enhancement technologies, such as anabolic implants and β-adrenergic agonists (βAA), are used to improve efficiency and subprimal yield in cattle. The βAA ractopamine hydrochloride (RH) and zilpaterol hydrochloride (ZH) are similar in structure and function to naturally occurring catecholamines, and have been approved by the U.S. Food and Drug Administration for use in cattle to enhance live performance and carcass yield (Strydom et al., 2009) .
Supplementation with ZH and RH has been reported to increase shear force and negatively affect beef tenderness (Avendaño-Reyes et al., 2006; Scramlin et al., 2010; Howard, 2013) . Postmortem aging >14 d has been reported to diminish tenderness disparities between steaks from cattle fed RH and controls (Boler et al., 2012; Scramlin et al., 2010) ; however, these results are inconsistent for cattle fed ZH Kellermeier et al., 2009; Rathmann et al., 2009) . Rathmann et al. (2012) reported that increased days on feed and postmortem aging may reduce the shear force disparity in heifers fed ZH compared with controls. Results of sensory panels have reached varied conclusions in ability of panelists to detect differences in tenderness attributes of steaks from steers fed βAA compared with controls, depending on the type of panel (trained vs. consumer), compound (RH vs. ZH), and cattle type (beef vs. dairy) (Gruber et al., 2008; Hilton et al., 2009; Mehaffey et al., 2009; Howard, 2013) .
Previous works have indicated a negative effect of βAA on sensory attributes; however, to date, minimal research has compared the effects of RH and ZH supplementation on shear force and sensory attributes within the same sample population. Also, studies conducted that evaluated effects of RH on sensory attributes have not evaluated all label-approved dosages. The objective of this study was to determine the effect of RH (at three different dosages) and ZH supplementation on shear force and sensory attributes of steaks from beef breedtype steers in the same sample population.
MATERIALS AND METHODS
Research procedures involving live animal handling at the commercial feeding facility abided by standards set forth by the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) . All protocols were approved by the Elanco Animal Health regulatory process for animal care and use (Elanco Animal Health, Greenfield, IN).
Experimental Design
Cattle management, experimental design, and treatments were described by detail in Arp (2012) . Briefly, 3906 British × Continental crossbred beef steers were allocated by weight and ultrasonic carcass measurements into four blocks. The ultrasonic measurement for subcutaneous fat thickness was used in a proprietary equation used by Cargill Beef (Wichita, KS) to predict the optimal endpoint for cattle. No difference in initial subcutaneous fat was observed between pens (P > 0.05 
Slaughter and Carcass Sampling
Steers were harvested by block over four consecutive weeks at a commercial processing facility. Cattle were harvested consecutively as a pen, with carcass identification maintained by tracing the steer's electronic identification tag to a plant carcass sequence number. Steers were harvested using standard U.S. beef industry practices and normal USDA Food Safety and Inspection Service criteria. Carcasses were chilled for 36 h, after which carcasses were ribbed between the 12th and 13th ribs. Carcass data were collected from the in-plant carcass imaging system (VBG2000; E+V Technologies, Oranienburg, Germany).
During grading, 18 carcasses per pen were randomly selected each week for shear force and sensory analysis. After grading, a 5-cm LM sample was removed from the loin immediately posterior to the 12th-and 13th-rib interface. A sample was removed from the left and right carcass sides, with one allocated to Warner-Bratzler shear force (WBSF) and slice shear force (SSF) analyses, and the opposite side allocated for sensory analysis. Left and right side allocations were selected randomly to represent an equal number of left and right side samples in tenderness and sensory evaluation. Samples were vacuum packaged in plastic Cryovac (Cryovac, Inc., Duncan, SC) bags (22.9 × 33.0 cm) and transported to the Colorado State University (CSU) meat meat laboratory, in coolers that contained ice, prior to shear force and sensory evaluation. Upon arrival at CSU, samples were aged for 14 d at 4°C. After aging, samples were frozen at -28.8°C. Frozen LM samples were cut into 2.5-cm steaks on a band saw (Model #400; AEW-Thurne Ltd., Norwich, England), vacuum packaged, and returned to frozen storage.
Shear Force Measurements
Steaks for shear force evaluation were randomly allocated to six separate cooking days. Steaks were thawed at 4°C to a target internal temperature of 1 to 3°C before cooking. A precooked weight and temperature were recorded for each steak. Steaks were cooked on an XLT Impingement Oven (Model #1832-EL; BOFI Inc., Wichita, KS) to a target peak internal temperature of 71.1°C. Peak internal temperature and a post cooking weight were recorded before shear force determination. Slice shear force and WBSF were conducted simultaneously on cores from the same steak, according to the protocol of Lorenzen et al. (2010) . Slice shear force was conducted on a single 1-× 5-cm core removed while the steak was still hot. The remaining portions of each steak were allowed to cool for ~4 h to room temperature before removal of at least 6 cores (1.3 cm in diameter) for WBSF determination. Shear force was determined on an Instron Universal Testing Machine (Model 4443; Instron Corporation, Canton, MA), using a cross-head speed of 500 mm/min for SSF and 200 mm/min for WBSF.
Trained Sensory Panel Evaluation
Strip loin samples for trained sensory panel evaluation were collected from the opposite side of carcasses randomly selected for shear force testing. Steaks were aged 14 d, frozen, cut, and stored in a manner identical to that described for shear force samples. Twelve steaks were randomly assigned to 1 of 60 panels. Three panels were conducted daily and samples were served to a minimum of six trained panelists. Panelists were trained to evaluate tenderness and juiciness, using a variety of beef muscles, and for flavor profile, according to the methods of Adhikari et al. (2011) . Steaks for sensory analysis were thawed in a manner identical to that described for shear force testing and cooked on an XLT Impingement Oven (Model #1832-EL, BOFI Inc.) to target peak internal temperature of 71.1°C, as specified by AMSA (1995) . Steaks were then cut into 1.3-× 1.3-cm cubes and 2 cubes per steak were fed to each panelist. Panelists rated each steak on a 15-cm unstructured line scale for the following attributes: myofibrillar tenderness, connective tissue tenderness, overall tenderness, juiciness, beef flavor intensity, buttery/beef fat flavor, and any perceived off flavors. Each line scale had very low presence or desirability on the far left side (0 cm), and very high presence or desirability on the far right (15 cm). Panelists were trained that marking a steak <7.5 cm (midpoint) on the 15-cm line scale indicated the sample was unacceptable for that sensory attribute. This allowed classification of steaks that were considered "tough," based on trained panel responses.
Determination of Frequency or Probability of Tough Steaks
Platter et al. (2005) used consumer purchasing behavior and WBSF to determine shear force thresholds at which consumers would be willing to bid on a steak. Researchers found that the odds of a consumer bidding on a steak became unfavorable when WBSF values exceeded 3.9 kg. Another study found that steaks with a WBSF value of 3.9 kg would have a 68% chance of being rated as acceptable for tenderness by consumers (Platter et al., 2003) . The threshold of 4.4 kg was adopted by ASTM (2011) for certification of tender steaks, along with a SSF threshold of 20.0 kg. In this work, the findings of Platter et al. (2005) and standards of ASTM (2011) were used to determine probability of less-thantender steaks from each treatment.
Statistical Analysis
Plots of residuals and the W-statistic (Shapiro and Wilk, 1965) were evaluated to determine homogeneity of variance and normality for all data. Denominator degrees of freedom were calculated using the KenwardRoger approximation (Kenward and Roger, 1997) and means were separated using pairwise t tests and a significance level of 0.05. The SAS 9.3 (SAS Inst. Inc., Cary, NC) was used for all data analysis. Mixed models were analyzed using the MIXED procedure. Shear force data were analyzed using a mixed model that included random block, pen and cook day effects. Initially, models included a covariate for peak internal temperature (degree of doneness) and marbling; however, covariates were removed due to lack of significance (P > 0.05).
Frequency or probability data for a steak failing to meet WBSF or SSF requirements to be certified as tender (WBSF <4.4, SSF <20 kg; ASTM, 2011) were evaluated, using generalized linear models in the SAS procedure GENMOD, which was a chi-squared test. The model statement for probability of SSF values that exceeded the tender classification included the block effect, whereas this term was removed from models for WBSF values that were certified as tender. Removal of the block effect was made following evaluation for over dispersion of the data (variance > µ), as evaluated by Pearson chi-square divided by degrees of freedom, and determination that variance attributed to the block effect was zero in the case of WBSF data. Since variance for the block effect was found to be zero for WBSF data, including this term would have introduced error into the model that predicted the probability of steaks having WBSF values >4.4 kg. Sensory panel data were evaluated using a mixed model that included the fixed effect of treatment and a random effect of panel.
RESULTS AND DISCUSSION

Shear Force
Shear force results are summarized in Table 1 . Distribution of WBSF and SSF values by treatment are summarized in Fig. 1 and Fig. 2 , respectively. Marbling and Quality Grade data for the entire sample population were reported by Arp (2012) . Briefly, marbling scores for steers fed RH 300 and ZH were not different (P > 0.05), but both the RH 300 and ZH treatments had lower marbling scores than all others (P < 0.05). The range in least squares means for marbling score by treatment was 408 (ZH) to 429 (control; 400 = low Choice). Only the frequency of carcasses that graded in the upper two-thirds of Choice was affected by treatment and this frequency was lower for RH 300 and ZH, compared with controls (P < 0.05).
Slice shear force and WBSF values differed by treatment (P < 0.05; Table 1 ). Shear force values increased 3 to 24%, as dose and potency of βAA increased. These results were nearly identical to those reported by Howard (2013) , who investigated the effect of RH and ZH in a sample population of calf-fed Holstein steers. Steaks from carcasses of steers fed ZH had the highest WBSF values and were different than all other treatments (P < 0.05). No difference was found between WBSF values of steaks from steers fed RH 300 or RH 400 (P > 0.05); however, steaks from steers fed RH 300 and RH 400 had higher WBSF values than controls (P < 0.05). No difference was found between either SSF or WBSF values of steaks from steers fed RH 200 and controls (P > 0.05). Steaks from steers fed ZH had higher SSF values than all other treatments (P < 0.05); however, steaks from steers fed RH 300 and RH 400 did not differ in SSF values (P > 0.05). Slice shear force of steaks from carcasses of steers in the control treatment and those fed RH 200 did not differ (P > 0.05).
Frequency distributions for WBSF values by treatment showed that a majority of steaks from steers fed RH 200 and controls had WBSF values <3.4 kg (Fig. 1) . Approximately 60% of steaks from steers fed RH 300 and RH 400 had WBSF values >3.4 kg, whereas nearly 80% of steaks from steers fed ZH had WBSF values >3.4 kg (Fig. 1) . Approximately 45% of steaks from steers fed ZH had WBSF values >3.9 kg; however, <30% of steaks from steers fed RH 300 and RH 400 had WBSF values >3.9 kg (3.9 kg WBSF = intermediate in terms of tenderness; Platter et al., 2005) . A similar shift was observed for slice shear force values at ~16 kg. Nearly 70% of steaks from controls and steers fed RH 200 had SSF values <16 kg. Steers fed RH 300, RH 400, and ZH produced steaks with SSF values >16 kg at frequencies of 41%, 51%, and 67%, respectively.
Multiple studies reported increased shear force as a result of βAA supplementation (Gruber et al., 2008; Scramlin et al., 2010; Leheska et al., 2009; Rathmann et al., 2009; Boler et al., 2012; Howard, 2013) . Studies that evaluated the effect of RH on shear force have reported that steaks aged 14 d had higher shear force values than nonsupplemented controls (Gruber et al., 2008; Scramlin et al., 2010; Woerner et al., 2011; Boler et al., 2012; Howard, 2013) ; however, literature exists that has suggested steaks from steers fed RH that are aged beyond 14 d may have comparable shear force values to controls at 14 d postmortem (Scramlin et al., 2010) . Boler et al. (2012) reported no difference in shear force values of steaks from steers fed low doses of RH compared with controls at 7, 14, and 21 d postmortem. Studies that evaluated the effect of ZH on shear force have reported more pronounced increases in shear force relative to those observed in steers supplemented with RH (Scramlin, 2010; Howard, 2013) . Studies that have investigated the effect of ZH on beef breed-type steers have reported 14-d WBSF values that exceed the threshold to be designated as intermediate in terms of tenderness (Platter et al.,2005; Kellermeier et al., 2009; Rathmann et al., 2009 ). However, the work of reported that the effect of ZH on WBSF was diminished in steaks aged 21 d postmortem.
The probability of steaks failing to meet WBSF requirements to be certified as tender increased due to treatment (Table 1 ; P < 0.05). The probability of steaks from steers fed ZH having WBSF values >4.4 kg was Table 1 . Effect of beta-agonist supplementation on Warner-Bratzler (WBSF) and slice shear force (SSF) of steaks from steers and probability (P) ± standard error of steaks failing to meet ASTM standards to be certified as tender. higher than all other treatments (P < 0.05). The probabilities of steaks from steers fed the 3 different doses of RH having WBSF values >4.4 kg were not different (P > 0.05). Shear force values of steaks from the control treatment showed that the sample population was inherently very tender as the probability of steaks having WBSF values that failed to meet requirements to be certified as tender in the control treatment (Table 1) . Probability of steaks failing to meet SSF requirements to be certified as tender (SSF <20 kg; ASTM, 2011) differed by treatment (Table 1 ; P < 0.05). The probability of steaks from steers fed RH 400 and ZH having SSF values >20 kg was not different (P > 0.05). Steaks from steers fed RH 400 and ZH had probabilities of having SSF values >20 kg that were nearly double those observed in steaks from steers fed RH 200 and RH 300 (Table 1) . Slice shear force data from the control treatment confirmed that the sample population was inherently tender, with a probability of failing to meet requirements to be certified tender equal to 0.06 ± 0.02.
Probabilities for steaks failing to meet shear force requirements to be certified as tender are reported by Quality Grade in Table 2 . Generally, shear data separated by Quality Grade had similar trends to the entirety of the data set; however, those steers that were fed ZH and graded Select had at least double the probability of failing to meet WBSF requirements to be certified as tender, when compared with all other treatments (P < 0.05). Increased probability of steaks failing to meet shear force requirements to be certified as tender within particular Quality Grades could indicate an interaction; however, the interaction of treatment and marbling was not significant in models for WBSF (P = 0.29) or SSF (P = 0.37).
If cattle fed aggressive β-agonists that grade Select are more prone to producing less-than-tender steaks, preharvest management could be as important as Quality Grade in segregating carcasses into groups based on expected eating quality. The work of Rathmann et al. (2012) found that percent of carcasses that graded Choice was not different between controls and heifers supplemented with ZH that were fed for an additional 21 d. Howard (2013) reported that calf-fed Holstein steers supplemented with ZH and fed 360 to 380 d had an increased frequency of carcasses that graded Select, compared with implanted controls fed for a comparable period. Increasing days on feed as a management solution to minimize the effect of βAA on marbling and Quality Grade does not account for reduced turnover in the feedyard that would occur if cattle were required to be fed for longer periods to grade Choice. Most critically, this study suggested that steers fed higher doses and more potent βAA (RH 400 and ZH) that grade low Choice have a probability to produce less-than-tender steaks that still exceeds those levels that have been recently documented at retail (~15% tough; Howard, 2013) .
Trained Sensory Panel
Results for trained sensory panel analysis are summarized in Table 3 . The only differences as a result of βAA were found in the tenderness attributes (P < 0.05). Trained panel ratings for overall tenderness had similar differences to WBSF and SSF data, except that no differences were found for tenderness ratings of steaks from steers fed RH 400 and ZH (P > 0.05). Steaks from steers fed RH 400 and ZH were rated lower for overall tenderness, compared with those from steers fed RH 200 or controls (P < 0.05). There were no differences found between steaks from steers fed RH 200 and RH 300 for all tenderness attributes (P > 0.05). Panelists were trained with a threshold for acceptability at 7.5 cm across the 15-cm continuous Table 2 . Probability of a steak from a beef breed-type steer fed a beta-agonist to fail to meet ASTM guidelines to be certified tender (WBSF 1 < 4.4 kg, SSF 1 < 20 kg); steaks aged 14 d. line scale. Steaks rated <7.5 cm for any sensory attribute were deemed unacceptable for that trait. Comparison of probability of panelists rating a steak <7.5 cm for overall tenderness and of steaks from the same carcasses having WBSF values ≥ 4.4 kg are shown in Fig. 3 . Gruber et al. (2008) reported that trained sensory panelists rated steaks from cattle fed dietary RH at 200 mg • steer -1 • d -1 lower for tenderness and juiciness, compared with controls. Hilton et al. (2009) reported that trained panelists rated steaks from cattle fed ZH lower for tenderness, juiciness, and beef flavor. Garmyn et al. (2010) found that overall tenderness and sustained juiciness scores were reduced due to ZH supplementation, but panelists found no differences in flavor attri- butes. In the current study, no differences were detected by trained panelists for juiciness or beef flavor (Table 3 ; P > 0.05). Kellermeier et al. (2009) reported that strip loins from cattle fed ZH had a greater percentage purge loss compared with controls. Additional purge loss could be a contributing factor to differences observed in juiciness. In the current study, cook loss was measured immediately after cooking; however, drip loss or purge before cooking or after the tempering period were not evaluated. Further evaluation of these factors could provide insight into the factors contributing to sensory differences for juiciness of steaks from cattle fed βAA.
Beta-agonists improve growth, feed efficiency, and subprimal yield of beef animals (Elam et al., 2009; Gruber et al., 2007; Strydom et al., 2009) ; however, this is achieved through muscle fiber hypertrophy and a conversion of smaller, oxidative muscle fibers to larger, more glycolytic, Type II muscle fibers (Beermann, 1987; Rathmann et al., 2009; Baxa et al., 2010) . Larger and more glycolytic muscle fibers have been associated with decreased tenderness (Hiner et al., 1953; Tuma et al., 1962; Herring et al., 1965; Cooper et al., 1968; Calkins et al., 1981) . Our findings indicated that higher doses and potencies of βAA negatively impact shear force and sensory attributes. This was observed in SSF data for both ZH and RH 400; however, WBSF data more closely reflected trained panel ratings for overall tenderness (Fig. 3) . Admittedly, this work only evaluated samples aged 14 d postmortem. Further investigation may be required to fully quantify differences in sensory attributes of beef breed-type steers from the same sample population, fed both commercially available βAA and aged for 21 d. Beta-agonists may be a necessary tool to improve productivity of the beef industry, but these compounds likely achieve this at the expense of eating satisfaction.
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